In this paper, the conventional design of an enclosure for electronic equipment for space application is reviewed and an alternative type of construction is proposed. The alternative design is based on the use of carbon ®bre reinforced plastic (CF R P) sandwich panels for the construction of the enclosure, and the substitution of the printed circuit board (PCB) antivibration frames (AVFs) with antivibration rods (AVRs). To put this work into context, the requirements applicable to the structural design of this type of unit are brie¯y reviewed. Standard structural analyses have been performed on the conventional enclosure and then repeated for the proposed con®guration, in order to demonstrate its compliance with the fundamental mechanical requirements. The issues concerning the radiation protection offered by the enclosure are discussed, and some solutions to this potential problem are brie¯y presented. The work demonstrates the possibility of achieving a saving of about 20 per cent on the overall mass of the unit. F inally, the cost of the proposed enclosure is assessed and compared with the conventional design for various missions.
INTRODUCTION
In the last three decades, the production of electronic equipment for space applications, in particular on-board equipment for satellites, has increased steadily. This growth, which is likely to continue [1] , is mainly due to the expansion of the satellite market to cover applications ranging from telecommunications to Earth observation.
Launch survival is the major mechanical design driver for this type of equipment. This has been known for many years; for example, in the 1970s N ASA showed that 45 per cent of ®rst-day spacecraft failures were due to damage caused by vibrations during launch [2] . Since then, spacecraft structures have evolved and improved. N ew materials, analysis methods and manufacturing techniques have been used in order to achieve better performance [3] . H owever, concerning electronic equipment, most of the design effort has been directed towards improving the performance of the electronics, whereas the mechanical design of the assembly [4] is often considered a factor of secondary importance. This situation is con-®rmed by the author's personal experience with various European companies operating in the space sector, and most authoritat ively by the European Space Agency, which has recently issued an invitation to tender on the subject (ITT 00.129.23ÐAdvanced Equipment D esign). In this ITT it is acknowledged that equipment units form a considerable part of the spacecraft bus mass budget, and a signi®cant mass saving could be made by improving the mechanical design of the equipment enclosures. In general, between one-quarter and one-third of the total mass of an equipment unit is made up of its housing, which is generally made of aluminium alloy. A signi®cant mass saving could be achieved by replacing this material with composites, i.e. carbon ®bre reinforced plastics (CF R Ps). This approach has already been very successful with other structural components. F or example, a few years ago the majority of the satellite structural panels had a sandwich structure with a honeycomb core and skins made of aluminium alloy. N ow, most often these panels have skins in CF R P, with mass savings of up to 30±40 per cent. It must be remembered that this mass saving comes at a price, in fact CF R Ps are more expensive than conventional aluminium alloys. H owever, the price of CF R Ps has substantially decreased in the last two decades owing to the wide application of these materials in various branches of engineering. In addition, for medium and large satellites a mass saving of several kilograms can be achieved employing CF R Ps, and this usually justi®es the use of a more expensive structural material. In other cases, for example for interplanetary probes, an extremely light structure is often necessary for the feasibility of the whole mission, thus justifying a higher cost for the spacecraft structure. Another advantage in the use of CF R Ps for the enclosures of electronic equipment is that, when these are mounted on CF R P panels, the thermoelastic problems that can be generated by large temperature¯uctuations on the spacecraft are avoided. A potential problem in the use of CF R Ps for enclosures of electronics for space applications is the reduced amount of radiation shielding offered by this material when compared with aluminium alloys. H owever, this problem can be addressed as suggested in Sections 4.1 [5] and 4.3.
D evelopments in the area of the mechanical design of the enclosures have been hampered by the current space policy, aiming to achieve`faster, cheaper and better' products. To reach this objective, design and manufacture of electronic equipment is often subcontracted to electronic companies which have a natural tendency to place emphasis on the design and analysis of the electronics, rather than on the mechanical design of the particular hardware. The result is that, while great progress has been made in the electronics, the mechanical design of present-day enclosures is still relatively crude.
Typical spacecraft equipment, such as the on-board data handling system (D H S) shown in F ig. 1, tends to have a relatively basic structural design. This design comprises a stiff aluminium enclosure, containing a stack of printed circuit boards (PCBs) mechanically ®xed to a front panel, which houses all the connectors. The PCBs usually slide into the enclosure following card guides, which provide support along the edges of the PCB.
In the present paper the requirements upon which the structural design of this type of equipment is based are brie¯y reviewed. The main steps of the structural analysis of the D H S shown in F ig. 1 are reported, and an alternative to this type of construction is presented. The alternative design is based on the use of CF R P panels to make up the structure of the enclosure, and it is demonstrated that a signi®cant mass saving can be achieved using this type of structure.
DESIGN REQUIREMENTS

Mechanical environment
D uring launch, besides a steady acceleration, rocket engines produce very harsh vibrations, which propagate throughout the structure of the launch vehicle, reaching the equipment through its attachment interface with the satellite structure. The engines also produce a high level of acoustic noise, especially during lift-o ff, which in turn generates high acoustic loads on the spacecraft and broadband random vibrations. In addition, pyrotechnic devices such as those used for the ignition and separation of the various stages of the launch vehicle, and the spacecraft release mechanism, produce mechanical shocks that have to be withstood by the equipment.
The exact determination of the mechanical environment that will be experienced by each single piece of equipment during launch is not yet within the capability of the current state of the art. This is in part due to the random characteristics of the phenomena that generate the vibrations (e.g. the fuel burning within the combustion chambers, turbulent aerodynamic boundary layer, etc.) and in part due to the fact that the vibration level at the equipment±spacecraft interface depends strongly on the characteristics of the various equipment (i.e. mass distrib ution, geometry, stiffn ess). Besides this, the vibration environment on the spacecraft depends on the interaction of the spacecraft/launch vehicle, and cannot be established exactly until the dynamic characteristics of the spacecraft are de®ned. R elatively accurate values of the dynamic loads on the spacecraft can be obtained by using previous¯ight data for the same launcher and performing a coupled dynamic analysis, where the whole mechanical system composed of the spacecraft and the launch vehicle is modelled, usually using the ®nite element method (F EM ) [6] . H owever, the mathematical modelling of such a com- plex assembly composed of thousands of parts is a daunting task, and various approximations, introduced in order to keep the size of the model within reasonable limits, compromise the accuracy of the results. In practice, there is a relatively standard procedure that partially overcomes the dif®culties related to the exact determination of the loads that the equipment will experience during launch. This procedure is now brie¯y summarized.
Based on previous experience of simila r systems, and supported by`engineering judgement', the authority in charge of the development of the spacecraft produces a set of initial mechanical requirements for the equipment units. The aim of these requirements is to summarize conservatively (i.e. overestimate) the mechanical loads that the equipment is likely to experience during launch.
Typically, all acoustic noise and vibrations are assumed to be contained in a random vibration acceleration spectrum described by a curve such as the one shown in F ig. 2. The typical requirement is that the equipment must be able to endure, without failures, such a spectrum applied at the mounting points of the equipment and for a certain period of time (usually 2 min).
The load factors produced during the launch phases together with low-frequency vibrations are described as quasi-sta tic loads (QSLs). An example of QSL speci®cation for aerospace equipment could be 20g, applied simultaneously along the three axes to the centre of mass of the equipment unit.
Another fundamental requirement is for the lowest natural frequency of vibration of the equipment to be above a certain threshold, in order to avoid dynamic coupling with the low-frequency modes of the spacecraft and launch vehicle. F or equipment masses up to a few kilograms, the lowest natural frequency of vibration allowed is usually 100 H z.
These requirements are given to the authority responsible for the mechanical design of a particular piece of electronic equipment, so that the design process for that unit can begin. G enerally speaking, the design of the spacecraft structure is ®nalized at a relatively early stage. This allows the production of a structural model of the spacecraft that is tested to determine, with a good level of accuracy, the mechanical environment existing at the location of a particular piece of equipment during launch. Consequently, the initia l requirements given for a particular unit can be veri®ed and eventually re®ned to take into consideration the most up-to-date knowledge of the mechanical environment at the location of the unit.
It is relatively rare for the mechanical environment at the equipment location (determined using the spacecraft structural model) to exceed the initia l unit speci®cation, since this is particularly demanding. H owever, there are cases in which large differences between the initia l speci®cation and the expected vibration environment occur, and thus changes in the requirements of the unit are implemented.
Compliance with the ®nal set of requirements will be veri®ed via tests or detailed structural/stress analysis. In particular, the capability to withstand the random vibration environment is veri®ed by testing the equipment mounted on a seismic mass vibrated by a shaker. H owever, ®nite element (F E) analyses such as those contained in the next sections allow the prediction, with a good level of accuracy, of the response of the structure to the input vibration environment. A more detailed review of the mechanical environment during launch, and related requirements and speci®cations, can be found in reference [7] .
Thermal loads occurring during the active life of the electronic equipment once in orbit are also important for the mechanical design. F or example, it is crucial that components characterized by high power consumption are able to dissipate heat by radiation and conduction through the structure, in order to keep the temperature of the equipment within acceptable limits (usually the temperature of the electronic equipment in orbit is kept at an average temperature between ¡10 8C and 40 8C). The thermal design of the enclosure is also particularly important for equipment directly exposed to the spacecraft external environment. H owever, the unit that will be considered in this work is normally placed inside the spacecraft, and its power consumption is not particularly high. Therefore, this work focuses on the loads produced by the vibration environment during launch, and the thermal loads are not considered.
Radiation environment
An important function of the enclosure is to reduce the exposure of the electronics to the severe radiation environment existing in space. This environment strongly depends on the speci®c orbit. H owever, for typical missions, high-energy protons and electrons trapped in the Earth's magnetic ®eld, solar¯are particles and high-energy cosmic-ray nuclei are the main sources of radiation. In addition, nuclear and electromagnetic interactions of these particles can produce secondary radiations more damaging than the primary radiations [8] . The fundamental requirement to avoid failures of the electronics is set in terms of the dose of radiation (in rad) received by the electronic components during the whole mission. It has to be demonstrated that the components can tolerate this dose without failu re.
The spacecraft structure and the enclosure for the electronics act as a radiation shield, thus reducing the dose received by the components. Consequently, the requirement is met by striking a balance between the rad hardness required for the electronic components and the amount of shielding necessary to reduce the dose inside the enclosure to a level that can be tolerated. G iven a particular orbit (which de®nes the external radiation environment) and assuming that the rad hardness of the electronic components is set, it is possible to calculate the total amount of radiation protection that is necessary. Taking into account the shielding effect produced by the surrounding spacecraft structure (and possibly other equipment), it is possible to calculate the amount of radiation protection that has to be provided by the enclosure.
EXAMPLE OF CURRENT DESIGN OF AN ELECTRONIC EQUIPMENT ENCLOSURE
Typically, electronic hardware (such as PCBs) is housed in aluminium boxes. These enclosures are either built-u p structures, made out of aluminium panels bolted together, or, if the depth of the enclosure is less than, say, 50 mm, the whole enclosure can be machined out of solid material. The equipment enclosure of the unit shown in F ig. 3 is an example of this type of manufacturing technique. The lids of the enclosures, an example of which is shown in F ig. 4, are stiffened panels machined out of solid material. Often, pockets similar to those visib le on the lid in F ig. 4 are machined on the faces of the enclosure in order to decrease its mass.
As a typical example of this type of construction, the D H S shown in F ig. 1 can be examined in more detail. Various versions of this D H S were manufactured, with slightly differen t properties. Therefore, the following data have to be considered as average values. The enclosure is composed of six aluminium panels bolted together using M 2.5 screws. All panels are machined out of solid material. Top and bottom panels have ribs aimin g to increase the stiffn ess, and a skin thickness of 1 mm. The mass of each panel is approximately 380 g. The side panels (mass 360 g each) have pairs of vertical reinforcing ribs that terminate in small rectangular anges, with M 5 clearance holes used for the bolts securing the enclosure on the spacecraft structure. The front and rear panels account for another 500 g. The front panel is actually composed of four horizontal stripsÐa strip for each PCB trayÐand, in order to increase the shear stiffn ess of the front panel, a doubler is used.
The PCB trays slide inside the enclosure along card guides, and each PCB is ®xed to a horizontal strip making up the front panel. In the different versions of the D H S, up to seven PCBs were used. In this study, ®ve PCBs will be considered, adding an extra 3.5 kg to the mass of the equipment. In this con®guration, the PCBs are fairly¯exible and their natural frequency of vibration is below the minimum value required. H ence, antivibration frames (AVFs) are used to increase the stiffn ess of the PCB (therefore increasing their natural frequency of vibration) and to prevent large-amplitude vibrations which may damage the components and/or produce clashes between the various cards. In the case considered in this paper, an AVF is also used to support two PCBs in the con®guration shown in F ig. 5, making up a double tray.
The AVF s are usually made of aluminium alloy, and the whole grid is often machined out of a solid block of material. Typically, the frames have a depth between 12 and 18 mm and a thickness between 2 and 3 mm. The manufacturing process can be rather long and relatively expensive, and the resultant frames have a mass in the region of 150 g each. The AVF s also provide a thermal path for the dissipation of the heat generated by the components.
Concerning the amount of radiation protection provided by the aluminium enclosure, application of the general procedure described in section 2.2, together with experience of similar systems gained by Space Innovations Limited, has shown that, in this case, the average enclosure thickness is more than suf®cient to reduce the dose inside to a level that can be tolerated by the components.
Structural analysis of the conventional enclosure
The design of spacecraft structures is mainly`stiffn ess driven', meaning that a design that meets the requirements imposed on the lowest natural frequency of vibration allowed for the particular application usually satis®es all other structural requirements, e.g. static strength. One of the key structural analyses performed during the early stages of the design of the equipment is therefore modal analysis, which delivers the natural frequency of vibration.
M odal analysis
The modal analysis is usually performed using software packages implementing the F E method of structural analysis [6] , and in the present work Ansys version 6.1 was used. Various algorithms are available to perform the modal analysis, and the Block Lanczos method [9] was used by the present author. This algorithm is particularly suitable when a large number of modes has to be calculated (say more than 40). The reason for extracting a large number of modes is that these modes will also be used for the calculation of the response to the random vibrations. These vibrations cover a range up to 2000 H z, and therefore all modes within the frequency range (and possibly slightly beyond) have to be included. In this case the number of modes within the frequency range is well over 100.
The electronic components mounted on the PCB are not explicitly included in the F E model, but their mass is uniformly distrib uted on the card [10] . Initia lly, the PCBs are investigated in isolation (hard mounted) in order to assess the need to use AVF s to meet the requirements on the lowest natural frequency of vibration, and eventually to design the AVF. This simpli®cation (i.e. to neglect the box in the calculation of the natural frequency of vibration of the PCBs) is allowable, since the enclosure is usually much stiffer than the PCB, and therefore the`error' resulting from this approximation is negligible. At a later stage, an F E model of the whole assembly is built (F ig. 6) and further modal analyses are performed on the whole assembly. Typical results are shown in F ig. 7, which shows that the lowest natural frequency of the assembly is above the requirement and corresponds to the mode of vibration of the PCBs. This frequency is usually slightly lower than that calculated when the PCB and AVF are hard mounted.
There is a natural tendency on behalf of the conservative structural engineer to meet the requirement on the natural frequency of vibration with a large margin of safety; i.e. the structure is stiffer than necessary. H owever, particular care must be placed in the structural/mechanical design of electronic hardware, since higher stiffn ess does not necessarily mean higher capability to withstand a harsh vibration environment. Indeed, the opposite is often true, as will be discussed in the following sections.
Quasi-static loads
The necessity to survive the application of the QSL without failures is not usually the main design driver for this type of equipment. F or this reason, structural analyses to demonstrate complia nce with this requirement are not included in this work. H owever, often some basic stress analysis is performed in order to verify the existence of large margins of safety. Tò qualify' a unit for¯ight, a low-frequency (up to 100 H z), high-amplitude sine sweep vibration test is often required.
R andom vibration
The capability to survive, without failure, the harsh random vibration environment existing during the launch of the spacecraft is usually the main mechanical design driver. F or vibrating equipment, fatigue is one of the most common causes of mechanical failure. H ow-ever, for this type of application, the vibrations last for a short period only, and therefore the number of stress cycles at relevant stress levels undergone by the item is generally insuf®cient to produce fatigue failures. It follows that fatigue is usually neglected in the design/ analysis process. N evertheless, caution should be applied, since a very small number of severe stress/ strain cycles, which may occur during the random vibration, can also produce mechanical failures (oligocyclic fatigue).
The characteristics of the random vibration environment that has to be withstood by the equipment are expressed through the acceleration spectral density S (o) curve shown in F ig. 2. This curve gives information about the frequency content of the input vibrations, and the`total' value of the acceleration applied. This is more properly called root mean square (r.m.s.) acceleration, or G r.m.s. , and is obtained as the square root of the area under the curve.
In the example considered here, G r.m.s.ˆ1 5 g, but it must be noted that, even if this value represents the contribution of all vibrations (with frequencies between 10 and 2000 H z), the most intense (energetic) vibrations are those in the region between 150 and 700 H z. G iven the relatively high frequency content of the input vibration, the stress/strains in the enclosure and PCBs are relatively low. H owever, the accelerations experienced by the PCBs can be very high and produce damage to the electronic components mounted on the card. The response of the assembly to the vibrations is calculated by means of F E harmonic response analysis using mode superpositio n (with the modes previously calculated during the modal analysis). The r.m.s. acceleration response of the PCBs is shown in F ig. 8. The structural analysis of the D H S was veri®ed in a test campaign, with good agreement between tests and F E model results. 
IMPROVED DESIGN OF THE ELECTRONIC ENCLOSURE
The equipment enclosure is essentially an assembly of small integrally machined aluminium panels fastened together, and it is reasonable to envisage that other materials or different types of panel could be used in its construction. In the following sections, these various possibilities are considered in turn, with the aim of decreasing the mass of the enclosure.
Materials
The easiest option to take into consideration to reduce the mass of the enclosure is to replace the material currently used with a lighter one. Aluminium±beryllium alloys [11] are valid alternatives to the aluminium± magnesium alloys (6000 series) generally used for this application. Aluminium±beryllium alloys are generally referred to as AlBeM et, and their use in the aerospace industry has grown very rapidly in the last decade. The mechanical properties of these alloys can be tailored to the application, and by varying the percentage of beryllium in the alloy it is possible to achieve a Young's modulus higher than that of steel, with lower density than conventional aluminium alloys. These mechanical properties, combined with the relative ease with which this material can be machined using techniques analogous to those for high-strength aluminium alloys, are very attractive to the structural designer. H owever, the drawback is that, in machining aluminium±beryllium alloys, toxic materials that may pose a serious health risk are produced. This problem can be overcome by implementing appropriate safety procedures, but the potential health hazard gives these alloys a reputation that has hampered their wider use.
One of the advantages in the use of aluminium± beryllium alloys is that structural items originally designed to be manufactured in an ordinary aluminium alloy can be manufactured in an aluminium±beryllium alloy, without any need to change the design. The new item will be approximately 25 per cent lighter than the original one and, since aluminium±beryllium alloys have superior mechanical properties (i.e. higher ultima te strength and Young's modulus), generally speaking the performance of the new item should be better.
In theory, greater advantages can be achieved by redesigning the structural item, taking into account the different material properties. H owever, in practical terms, some of the parameters that have the greatest impact on the mass of the enclosure, such as the thickness of the skin of the lids, are limited by the current manufacturing techniques rather than by the material properties, and therefore cannot be further reduced.
The use of composite materials (i.e. CF RPs) [3] is another possible way of reducing the mass of the enclosures. CF R Ps have mechanical properties superior to standard aluminium alloys, and a speci®c mass up to 40 per cent lower. The mechanical properties of the ®nal component can be tailored to the speci®c needs by laying up the ®bres accordingly, for example to obtain a speci®c anisotropic behaviour. Also, various types of ®bre characterized by different mechanical properties are available on the market. If the stiffn ess of the component is particularly important, high-modulus (or ultrahigh-modulus carbon ®bres, with a modulus of elasticity in excess of 390 G Pa) can be used. Alternatively, if the strength of the component is the major design driver, then high-tenacity ®bres (with a tensile strength in excess of 3500 M Pa) can be used. Owing to their mechanical characteristics, CF R Ps have been largely employed in space structures. F or example, most of the honeycomb panels in today's spacecraft structures have skins of CF R Ps, with mass savings of up to 50 per cent compared with the conventional aluminium alloy honeycomb panels. A further advantage in using CF R Ps for the enclosures of the electronic equipment is that, when the enclosure is mounted on CF R P panels, no thermoelastic stability problems will arise. Of course, the design and manufacture of CF R P items is much more complex than for the equivalent aluminium alloy items, and therefore more expensive.
A potential problem that has hampered the use of CF R Ps for the enclosures of electronics for space applications is the reduced amount of radiation shielding produced by this material compared with aluminium alloys. It was found that pristin e CF R Ps have a halfthickness (thickness required to ®lter 50 per cent of the amount of radiation) 4 times higher than that of aluminium alloys [5] . This has clearly discouraged the use of CF R Ps where radiation protection was the critical design drive. H owever, it has been demonstrated that the capability of CF R Ps to ®lter radiation can be strongly improved by intercalating the ®bres (with the insertion of guest atoms/molecules between the layers of the ®bres) before fabricating the composite. R ecently published research [5] has shown that bromine intercalation can improve the ®ltering characteristics of CF R Ps by 90 per cent, thus giving an advantage over aluminium alloy in terms of thickness of the shield required. F urthermore, it is also possible to act at electronic component level, using components of greater rad hardness, thus reducing the radiation protection that has to be provided by the enclosure.
The strategy that is furth er investigated in this paper is to build the enclosure as an assembly of CF R P honeycomb panels. The main problem of this type of structure is that the panels have to be assembled together in a box structure, and therefore provisions have to be made for numerous fasteners close to the edges of the panels. This forces the designer to use edge inserts, which have to be included in the panel during manufacture, thus adding complication and cost. H ow-ever, this disadvantage can be considered a minor inconvenience compared with the advantage in terms of mass saving that can be achieved by this type of structure.
Structural assembly
The structural con®guration proposed for the enclosure is shown in F ig. 9. Essentially, the assembly is composed of ®ve honeycomb panels, four PCB front strips (making up the front face of the enclosure) and two small vertical brackets which interface the side panels with the horizontal strips making up the front of the enclosure.
The top and bottom`lids' are simple rectangular 290 6 320 mm honeycomb panels with an aluminium core of 7 mm thickness and CF R P (Eˆ113.8 G Pa, rˆ1630 kg/m 3 ) skins of 0.56 mm thickness. The only type of insert required in these panels is the cold-bonded insert shown in the junction in F ig. 10. The manufacture of the panels and the drillin g of holes to allow introduction of the inserts do not present any particular dif®culty. The rear panel is slightly more complex, since the two vertical edges of the panel need to be panned down. This panel does not need hot-bonded inserts, and it is fastened to the side panels using the same technique employed for the top and bottom panels. The two side panels are the most complex since they require hotbonded inserts (shown in F ig. 10) along the edges of the panels. If necessary, vertical heat pipes can be included in these panels to transmit the heat from the edges of the PCBs to the ®xing of the box.
The PCBs are supported along three edges by card guides, which can be bonded to the internal faces of the side and back panels, whereas the front side of the PCB is ®xed to one of the horizontal strips making up the front panel. Alternatively, the PCBs can be supported by small insert brackets located at discrete locations along the edges of the card. Another improvement that can be implemented in the enclosure is to substitute the AVF s with antivibration rods (AVRs). Although AVFs are by far the most common devices used to increase the stiffn ess of PCB assemblies, other techniques described in references [12] to [15] can be used. In the case of the D H S considered in the present work, the most ef®cient devices to restrain the PCBs are AVRs. These rods produce the required out-of-plane stiffening of the PCB by connecting it directly to the lids of the box. AVRs are particularly appropriate to this design since the two honeycomb lid panels have suf®cient stiffn ess to support the loads produced by the AVRs. The number of rods that are necessary to produce the required increase in stiffn ess, which in turn guarantees that the fundamental frequency of vibration of the PCB meets the requirements, depends mainly on the size of the PCB. Very often, as in this case, a single rod at the centre of the PCB is suf®cient to provide the required increase in stiffn ess. The positio n of the AVR is visible in the F E model shown in F ig. 11. It must be stressed that one single rod can be used to constrain the whole stack of PCBs, while using AVFs the minimum number of frames required is half the number of PCBs in the stack. In principle, each frame can be used to constrain two PCBs, as shown in F ig. 5. F urthermore, AVRs are generally cheaper and lighter than AVF s. F or large PCBs, more than one AVR may be necessary to produce the required stiffening. Concerning the impact of these devices on the assembly/ disassembly, AVR s need to be extracted (e.g. completely unscrewed) to allow the PCBs to slide out of the enclosure, while for AVF the screws that constrain the frame to the rear panel have to be removed, and the PCB is free to slide out of the enclosure, still attached to its AVF. A furth er advantage in the use of AVR s, besides the low cost, is that the axial stiffn ess of the rods can be easily optimized in order to produce a PCB natural frequency just above the required speci®cation (say between 10 and 20 per cent).
To verify that the natural frequency of the PCB (assembled in the box) is above the requirement is relatively easy since the PCB is directly connected to the lid via the AVR . Therefore, by placing an accelerometer on the lid (externally) in the region where the AVR is ®xed to the lid, and tapping (with an impact hammer) close to this region, it is possible to excite directly the vibrations of the PCBs and hence retrieve the natural frequency of vibration of the assembled PCBs, without using a shaker. F inally, damping material can be used in the connections between the PCBs and AVRs to decrease the response of cards at resonance.
Comparison between the conventional and the proposed design con®gurations
The set of structural analyses performed on the conventional design of the enclosure was repeated for the new con®guration. F igure 12 shows the results of the modal analysis performed for the proposed con®guration of the enclosure. In particular, it is possible to conclude that a single AVR at the centre of the lid, going through the whole stack of PCBs, is suf®cient to produce a fundamental frequency of vibration that meets the requirement. The response of the PCBs to the random vibration environment is shown in F ig. 13 . In this case the r.m.s. acceleration experienced by the PCBs is slightly lower than that produced using the AVF . Certainly, these analyses are only a preliminary investigation, and not a detailed stress analysis. H owever, they clearly indicate that, as far as the mechanical requirements for the equipment are concerned, the proposed con®guration allows a performance equal or superior to the current con®guration, with a much lighter structure.
The mass of the aluminium enclosure used for this unit was approximately 1.4 kg, and the AVF s accounted for another 600 g. F or the con®guration proposed in the present work, the total mass of the panels is 750 g, and the mass of inserts and small brackets that have to be used to connect the various panels is approximately 240 g. Compared with the aluminium enclosure, the proposed construction allows a saving of about 30 per cent on the mass of the enclosure. The use of an AVR , whose mass is calculated to be lower than 90 g, in place of the AVFs (whose mass was 600 g) allows another large mass saving. It follo ws that the new con®guration, based on the use of CF PR honeycomb panels for the enclosure and one AVR, allows a saving of about 1 kg on the overall mass of the unit, which corresponds to about 20 per cent. The amount of radiation protection provided by CF R Ps is generally much lower than that of an equal thickness of aluminium alloy. H owever, very often, large safety factors are used in setting the amount of radiation protection that has to be provided by the enclosure. This is in part due to the random characteristics of the space environment and in part due to the some time coarse estimation of the shielding effect produced by the rest of the spacecraft. The exact computation of the amount of radiation protection that needs to be provided by the enclosure, for its speci®c mission, is beyond the scope of this work. H owever, comparing the solution advocated in this paper with the conventional design utilizin g aluminium alloys, should the radiation environment within the box be critical, various solutions can be sought, for example: replacements of the rad-soft electronic components with rad-hard versions, local shields or the use of intercalation in the manufacturin g of the ®bres.
F inally, cost is a crucial parameter that must be considered during the whole design process. It is estimated that a structure in CF R P can cost approximately twice or 3 times as much as a structure made of conventional aluminium alloy [16] . H owever, this ratio strongly depends not only on the higher cost of the raw material but also on the complexity of the design and manufacturing required for the various structural elements. In the case considered in the present paper, the original design of the enclosure, in aluminium alloy, was relatively complex and expensive (the exact cost of the enclosure cannot be disclosed for reason of con®dentiality). The alternative design proposed here makes use of the same type of CF R P sandwich panel, with constant skin and core thickness, for all faces of the enclosure, thus keeping down the cost. The manufacturing of the top and bottom panels (which do not require hot-bonded inserts) is very simple and economical. The design of the other panels (with hot-bonded inserts) is still relatively simple, and their construction is straightforward. It is estimated that, owing to its simplicity, the CF R P enclosure will probably cost less than twice as much as the aluminium one.
F or spacecraft where mass is a critical parameter, e.g. interplanetary probes, this cost penalty is certainly negligible, and for spacecraft going into geosynchronous orbits, with a cost per kilogram put into orbit in the region of U S$ 60 000 [17] , the mass saving achieved still largely offsets the increase in cost. H owever, for other missions, where the cost per kilogram launched into orbit can be lower than U S$ 20 000, the saving generated by the lower mass of the enclosure is very simila r to the increase in cost resulting from the use of CF R Ps. In these cases, a more detailed design has to be carried out to obtain a precise cost estimate, including all the inserts for the honeycomb panels, ®xtures for the PCBs, antivibration devices, etc.
CONCLUSION
In this paper, the conventional design of an enclosure of electronic equipment for space application has been presented and compared with an alternative design. This alternative is based on the use of CF R P sandwich panels for the construction of the enclosure, and substitution of the PCB antivibration frames with antivibration rods.
Attentio n has been focused on a data handling system that represents a very good example of a typical electronics box that can be found on-board any satellite.
To put this work into context, the mechanical requirements applicable to the structural design of this type of unit have been brie¯y reviewed. The main steps of the structural design of this unit, in its conventional con®guration, have been described, and the same set of analyses have been repeated for the new type of construction. The preliminary structural analyses con-®rm that the proposed design meets the mechanical requirements. The advantages of the type of design advocated in this paper over the conventional design have been illustr ated. In particular, it has been demonstrated that this design allows for a reduction in the mass of the unit of approximately 20 per cent. The amount of radiation protection provided by the enclosure can be a critical parameter for the design, and this suggests caution in the use of CF R Ps. H owever, procedures brie¯y discussed in this paper can be implemented to address this issue. F inally, the cost of the proposed enclosure has been assessed and compared with the conventio nal aluminium alloy design for various missions.
